Introduction {#s1}
============

The International Cancer Genome Consortium has recognized that the *TP53* gene is the most frequently mutated gene in human cancer ([@bib17]; [@bib30]). Genetic studies show that, in most tumors, *TP53* point mutations co-occur with the loss of one copy of the *TP53* gene (LOH) due to deletions in chromosome 17 where the *TP53* locus is located ([@bib2]; [@bib24]; [@bib30]; [@bib34]; [@bib23]). Consistent with these observations and the two-hit hypothesis proposed by A.G. Knudson, experimental evidences have led to the description of *TP53* as a tumor suppressor gene ([@bib18]; [@bib2]; [@bib11]; [@bib9]).

This simplistic vision has been challenged by recent studies spurred by the observation that *TP53* missense mutations do not have a uniform distribution; rather, they occur more frequently at specific residues (R175, G245, R248, R249, R273 and R282) often referred to as 'hotspot' *TP53* mutation sites ([@bib33]; [@bib5]). The high frequency of these mutations led to the hypothesis that these hotspot mutations could not only result in loss of function activities, but also could confer an advantage of growth to cancer cells. Indeed, many lines of evidence have now demonstrated that certain p53 missense mutants could exhibit a gain of function activities during tumorigenesis ([@bib5]; [@bib31]). For instance, some of the gain of function mutations, including R175H, R248Q, R273H, resulted in an increase in cell invasion, cell migration, cell proliferation and anti-apoptosis in different in-vitro models ([@bib27]). Additionally, mice expressing *TP53* R172H (human R175H) and R270H (human R273H) mutations manifest a broad spectrum of aggressive tumors that are more metastatic in nature when compared to p53-null mice ([@bib22]; [@bib29]; [@bib10]). Though different gain of function mutants exhibit various pro-tumorigenic phenotypes, their mechanism of function mostly relies on alterations to the p53 transcription program ([@bib12]).

In this study, we similarly report that certain *TP53* truncating mutations promote tumorigenesis rather than halt it. In fact, we observed that *TP53* exon-6 truncating mutations occur at higher than expected frequencies and, when ectopically expressed in cells, induce the acquisition of pro-metastatic features. In contrast to *TP53* missense gain of function mutations, we found that *TP53* exon-6 truncating mutations are necessary for cell survival in normal 2-D cell growing conditions. These *TP53* truncating mutations also different from a canonical p53 missense gain of function mutants in regards to their mode of action. As we have shown in this study, these p53 mutants lack transcriptional activity and, instead, have phenotypes that depend on their molecular and functional interactions with Cyclophilin D in the mitochondria.

Much like EGFR, ROS and ALK mutations have been candidates for precision medicine, the relatively frequent distribution of exon-6 *TP53* truncating mutations in certain tumors, combined with the availability of CypD inhibitors, implies that these mutations may similarly be successfully targeted with precision medicine.

Results {#s2}
=======

*TP53* exon-6 truncating mutations occur at a higher than expected frequency {#s2-1}
----------------------------------------------------------------------------

While the gain of function activity of p53 missense mutants has been studied extensively ([@bib5]; [@bib31]), the biological effects of p53 nonsense mutants have yet to be explored.

To address this, we first examined a panel of 22 sequencing studies, predominantly carried out by the Cancer Genome Atlas (TCGA) project and accessed using the cBio portal, referred to here as the \'TCGA cohort\' ([@bib7]). Studies were selected for inclusion on the basis of having more than 100 samples per tumor type and at least 10 tumors with *TP53* mutations ([Supplementary file 1](#SD1-data){ref-type="supplementary-material"}). As shown in [Figure 1A](#fig1){ref-type="fig"}, it is evident that *TP53* nonsense mutations are distributed non-randomly with increased frequency in correspondence to *TP53* exon-6 (i.e. *TP53* exon-6 nonsense). Interestingly, our analysis also indicated that nonsense mutations occur at sites distinct from those affected by missense mutations ([Figure 1A](#fig1){ref-type="fig"}). These findings were confirmed in an independent pan-cancer dataset of 3797 cases, in which targeted sequencing was performed at Memorial Sloan Kettering Cancer Center ([@bib8]), referred to here as the \'MSKCC cohort\' ([Figure 1B](#fig1){ref-type="fig"}).10.7554/eLife.17929.002Figure 1.*TP53* exon-6 truncating mutations occur at higher than expected frequency.(**A**) Distribution of *TP53* nonsense (top, black) and missense (bottom, green) mutations in the TCGA cohort (n = 2521 tumors). Domains are demarcated on the upper baseline as follows: trans-activating domains (orange), Proline rich domain (green), DNA binding domain (light blue), nuclear localization sequence (yellow), and oligomerization domain (purple). The lower baseline and Roman numerals below indicate *TP53* exon location relative to the p53 coding sequence. (**B**) Analysis as in A in the MSKCC cohort (n = 3797 tumors). (**C--D**) Recurrence frequency of each mutation type per unique change per sample in the TCGA and MSKCC cohorts respectively (Missense, p\<2.2e-16; other nonsense, p=0.00178 and exon-6 nonsense, p=3.869e-11, Fisher's exact test). (**E**) Count of unique reported amino acid changes and observed instances of exon-6 nonsense, other nonsense, missense, or all mutations. (**F**) Frequency of *TP53* alteration vs. frequency of *TP53* truncating mutations by cancer type. Circles were plotted in proportion to the frequency of *TP53* exon-6 truncation mutations. See [Supplementary file 1](#SD1-data){ref-type="supplementary-material"} for cancer type abbreviations. (**G**) The pie charts represent the relative frequency of *TP53* mutation type for colorectal cancer primary tumors (top left, n = 403) and metastases (top right, n = 395). Mutations are indicated as follows: splice site mutations (Splice, light blue, p=0.035, fisher's exact test), exon-6 nonsense mutation (Ex6 NS, orange, p=0.041), other nonsense mutation (Other NS, pink), in-frame insertion/deletion (IF indel, yellow), frameshift insertion/deletion (FS indel, gold), missense mutation (MS, green), multiple mutations (Multiple, purple), or no *TP53* mutation (None, white). Note that both exon-6 nonsense mutations (p-value = 0.041) and missense mutations (p-value = 0.035) are over-represented in the metastatic samples with respect to p53-WT cases, whereas nonsense mutations outside of exon-6 and missense mutations are not (Fisher\'s exact test). The lower chart indicates the ratio of frequency in metastases to primary colorectal cancers of the indicated *TP53* mutations. See [Supplementary file 3](#SD3-data){ref-type="supplementary-material"} for number of tumor samples with *TP53* mutation in primary CRC and metastatic CRC.**DOI:** [http://dx.doi.org/10.7554/eLife.17929.002](10.7554/eLife.17929.002)10.7554/eLife.17929.003Figure 1---figure supplement 1.Distribution of *TP53* somatic mutations across multiple tumor types based on TCGA and MSKCC data set analysis.(**A**) Pie chart shows the distribution of indicated somatic mutations in *TP53* based on TCGA data. For more information, see [Supplementary file 1](#SD1-data){ref-type="supplementary-material"}. (**B**) Pie chart shows distribution of indicated somatic mutations in *TP53* based on MSKIMPACT data (Cheng et al., 2015).**DOI:** [http://dx.doi.org/10.7554/eLife.17929.003](10.7554/eLife.17929.003)10.7554/eLife.17929.004Figure 1---figure supplement 2.Graphical summary of *TP53* non-synonymous mutations in melanoma in indicated studies.The distribution of different type somatic mutations mapped across *TP53* gene in melanoma (**A**) TCGA and (**B**) MSK-IMPACT. Circles are colored with respect to the corresponding mutation types as follows: Missense Mutations- green; Truncating Mutations (Nonsense, Nonstop, Frameshift deletion, Frameshift insertion, Splice site)-orange; Inframe Mutations (Inframe deletion, Inframe insertion).**DOI:** [http://dx.doi.org/10.7554/eLife.17929.004](10.7554/eLife.17929.004)10.7554/eLife.17929.005Figure 1---figure supplement 3.*TP53* exon-6 truncating mutations are distributed at different frequency in different tumors.(**A**) Fraction of *TP53* exon-6 truncating mutations in the indicated tumor types.**DOI:** [http://dx.doi.org/10.7554/eLife.17929.005](10.7554/eLife.17929.005)

To determine the relative strength of selection pressure for nonsense and missense mutants, we calculated the number of theoretical changes (i.e., expected cases) and compared this value to the observed frequency of mutations. As indicated in [Figure 1E](#fig1){ref-type="fig"}, we found that in the case of missense mutations the relative expected frequency was 0.34, while the relative observed frequency was 0.64, based on the analysis of the TCGA cohort. This finding suggests that missense mutations are observed at a frequency that is 1.9 fold higher than expected. In the case of nonsense mutations, we observed a slight difference between the expected frequency (i.e., 0.054) and observed frequency (i.e., 0.084) of mutations. Interestingly, when we limited our analysis only to exon-6 nonsense mutations we found a 4--5 fold increase in the observed frequency compared to the expected frequency ([Figure 1C and D](#fig1){ref-type="fig"} and [Figure 1---figure supplement 1A](#fig1s1){ref-type="fig"}). This finding indicates that nonsense mutations in exon-6 occur nearly 5 times more frequently than all *TP53* mutations (p=3.869e-11) and 2--3 times more frequently than either missense mutations or nonsense mutations outside of exon-6 (p=3.71e-4 and p=8e-5, respectively). These results were confirmed in the MSKCC cohort ([Figure 1D and E](#fig1){ref-type="fig"} and [Figure 1---figure supplement 1B](#fig1s1){ref-type="fig"}).

In addition to nonsense mutations, frameshift and splice site mutations may produce truncated proteins. We found that even though nonsense mutations occur at a rate of 13%, overall truncating mutations account for more than 25% of all *TP53* mutations in both datasets examined ([Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}). We also observed that the distribution of *TP53* mutations differs in various tumor types, ranging from 7.3 to 94.9% in the case of multiple myeloma (MM) and ovarian serous cystadenocarcinoma (OVCA) respectively ([Supplementary file 1](#SD1-data){ref-type="supplementary-material"}). As for *TP53* truncating mutations, their frequency of occurrence spans from 1.46% in MM to 27.53% in lung squamous cell carcinoma (LUSC). Notably, in pancreatic adenocarcinoma (PAAD), esophageal adenocarcinoma (ESAD), squamous cell carcinoma (ESCC), head and neck squamous cell carcinoma (HNSC), colorectal adenocarcinoma (COAD) and skin cutaneous melanoma (SKCM), the frequency of *TP53* exon-6 truncating mutations was higher than 6% ([Supplementary file 1](#SD1-data){ref-type="supplementary-material"}).

Although the frequency of *TP53* exon-6 truncating mutations followed the distribution of *TP53* mutations in the majority of tumors examined, this was not always the case. This phenomenon is best exemplified by our observations of lung small cell carcinoma (LUSCC) wherein, despite the nearly ubiquitous presence of *TP53* alterations, we found no exon-6 truncations ([Figure 1F](#fig1){ref-type="fig"} and [Figure 1---figure supplement 3](#fig1s3){ref-type="fig"}).

Strikingly, in the MSKCC cohort, we found a statistically significant increase in the frequency of *TP53* exon-6 truncating mutations in colorectal cancer (CRC) metastatic site tumors with respect to primary tumors ([Figure 1G](#fig1){ref-type="fig"} and [Supplementary file 3](#SD3-data){ref-type="supplementary-material"}). This is reminiscent of a previous study in which an analysis of colorectal cancers revealed an increased representation of *TP53* exon-6 mutations in liver metastases ([@bib25]). Although we found an increase in In-Frame indel mutations in metastatic tumors compared to primary tumors, this increase was not deemed statistically significant as the number of primary tumors identified with mutations was very low (n = 3 for primary and n = 10 for metastasis).

p53 exon-6 truncating mutants reprogram cells towards the acquisition of pro-metastatic features {#s2-2}
------------------------------------------------------------------------------------------------

In principle, a higher than expected occurrence of truncating mutations could be linked to a particular etiology, to variable nucleotide substitutions or to translation termination efficiency ([@bib26]). On the other hand, and as has been demonstrated for a gain of function *TP53* mutations, higher than expected frequency of *TP53* exon-6 truncating mutations could instead underlie a selective advantage during tumorigenesis ([@bib27]).

To test this hypothesis, we generated cell lines ectopically expressing multiple p53 C-terminal truncated proteins mirroring the R213\* and R196\* exon-6 p53 truncating mutants, and compared their activities to p53 full length (i.e., p53-WT), a longer p53 truncating mutant (G325\*) and a shorter p53 truncating mutant (W146\*) ([Figure 2A and B](#fig2){ref-type="fig"} and [Figure 2---figure supplement 2](#fig2s2){ref-type="fig"}).10.7554/eLife.17929.006Figure 2.p53 exon-6 truncating mutants reprogram cells towards the acquisition of pro-metastatic features.(**A**) Schematic of p53 and position of p53 nonsense mutations utilized in this study. Domains are demarcated and *TP53* exon locations relative to the p53 coding sequence are indicated in the Roman numerals. (**B**) Different p53 truncations were ectopically expressed in the p53 null H1299 and p53-WT A549 cell lines. Expression was verified by western blot analysis of cell extracts by p53 N-terminal specific (DO1) antibody and the RasGAP as loading control after 48 hr post infection. (**C**) p53 C-terminal truncations lack tumor suppressor capabilities. The chart indicates the number of viable cells relative to Td-Tom expressing cells at 72 hr post infection. Each bar is the mean of 9 replicates (p-value \*\<0.0005 unpaired t-test). (**D**) Immuno-staining of A549 cells with phalloidin (green), E-cadherin (red) and DAPI (blue). Note that cells expressing R196\* and R213\* are characterized by different morphology, presence of stress fibers and decreased expression and localization of E-cadherin. (**E**) RT-qPCR analysis of EMT markers in A549 cells expressing different p53 truncations. mRNA expression was quantified by SYBR-green-based RT-qPCR. Each bar is the average of 3 replicates and represents the mRNA expression of the indicated genes relative to GAPDH (p-value \*\<0.05 and \*\*\<0.005, unpaired t-test). (**F**) p53 exon-6 truncating mutants augment the cell motility in A549 cells. Quantification of a scratch wound-healing assay is presented. Values in the chart represent mean ± SD of length of wounds at the indicated time points. For statistical analysis, the wound length at each time point for a given truncation was compared to Td-Tom expressing cells (n = 12, p-value \*\<0.0005, \*\*\<0.00005 and \*\*\*\<0.000005, unpaired t-test). See [Figure 2---figure supplement 1A](#fig2s1){ref-type="fig"} for representative images of wounds closure. (**G**) The chart represents the quantification of a trans-well matrigel cell invasion assay. Each bar is the mean ± SD from 6 independent experiments (p-value \*\<0.005, unpaired t-test). (**H**) C57BL/6J mice were intravenously injected (tail vein) with B16-F1 melanoma cells ectopically expressing the indicated constructs. After 14 days, the lungs were dissected and the number of melanoma colonies in lung were quantified. The upper and lower panels illustrate representative dorsal (D) and ventral (V) images of the lungs. See [Figure 2---figure supplement 2](#fig2s2){ref-type="fig"} for expression of truncations and [Figure 2---figure supplement 4](#fig2s4){ref-type="fig"} for the histological analysis. (**I**) The chart represents the number of melanoma colonies in lung in different p53-truncation expressing cells. Each bar is the average number of melanoma colonies in the lungs of individual mice with data pooled from three independent experiments (Mean ± SD, p-value \*\<0.005).**DOI:** [http://dx.doi.org/10.7554/eLife.17929.006](10.7554/eLife.17929.006)10.7554/eLife.17929.007Figure 2---figure supplement 1.p53 exon-6 truncations increase cell migration.(**A**) Representative images of A549 cells ectopically expressing different p53 truncations and p53-WT shown at indicated time points post scratch (40X). The boundary lines of scratch are indicated by dotted red line. Cell migration was assessed by recovery of the scratch. (**B**) Representative images of B16-F1 cells ectopically expressing different p53 truncations at indicated time points post scratch (40X). The boundary lines of scratch are indicated by dotted yellow line. Cell migration was assessed by recovery of the scratch. (**C**) The chart depicts the relative length of each wound (mean ± SD of 8 wounds) at 12 hr compared to 0hr in B16-F1 cells (n=8, p-value \*\*\<0.0005, unpaired t-test).**DOI:** [http://dx.doi.org/10.7554/eLife.17929.007](10.7554/eLife.17929.007)10.7554/eLife.17929.008Figure 2---figure supplement 2.Lentiviral ectopic expression of different p53 truncations.(**A**) Western blot analysis of B16-F1 cells ectopically expressing different p53 truncating mutations using antibodies specific for p53 N-terminal specific (DO1) antibody and RasGAP as loading control.**DOI:** [http://dx.doi.org/10.7554/eLife.17929.008](10.7554/eLife.17929.008)10.7554/eLife.17929.009Figure 2---figure supplement 3.p53 exon-6 truncations increase expression of mesenchymal marker.(**A**) RT-qPCR analysis of EMT markers in H1299 cells expressing different p53 truncations. mRNA expression was quantified by SYBR-green-based RT-qPCR. Each bar is the average of 3 replicates and represents mRNA expression of the indicated genes relative to GAPDH (p-value \*\<0.05, unpaired t-test).**DOI:** [http://dx.doi.org/10.7554/eLife.17929.009](10.7554/eLife.17929.009)10.7554/eLife.17929.010Figure 2---figure supplement 4.p53 exon-6 truncation increases the colonization of melanoma cells in the lungs.(**A**) Representative Hematoxylin and Eosin staining of mice lung sections dissected from mice injected with B16-F1 cells expressing different p53 truncations via the tail vein. Green arrow indicates the melanoma colonies.**DOI:** [http://dx.doi.org/10.7554/eLife.17929.010](10.7554/eLife.17929.010)

As it is consistent with their lack of tumor suppressor activities, different p53 C-terminal truncating proteins ectopically expressed in a p53 homozygous deletion cell line (H1299) failed to decrease cell viability ([Figure 2C](#fig2){ref-type="fig"}). Yet, as shown in [Figure 2](#fig2){ref-type="fig"}, ectopic expression of *TP53* exon-6 truncations in A549 cell line (lung cancer-derived epithelial line) induced changes in the morphological appearances of cells ([Figure 2D](#fig2){ref-type="fig"}) and the acquisition of mesenchymal-like features such as (i) the transition of filamentous actin from a cortical distribution to stress fibers formation ([Figure 2D](#fig2){ref-type="fig"}), (ii) decreased expression and localization of E-cadherin ([Figure 2D and E](#fig2){ref-type="fig"}), (iii) increased expression of vimentin, and (iv) increased expression of the master regulators of epithelial to mesenchymal transition (EMT): Slug, Snail and Zeb1 ([Figure 2E](#fig2){ref-type="fig"}) ([@bib21]).

Consistent with an EMT-like phenotype, cells expressing p53 exon-6 truncations were also characterized by increased motility ([Figure 2F](#fig2){ref-type="fig"} and [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}) and extra-cellular matrix invasion ([Figure 2G](#fig2){ref-type="fig"}) ([@bib21]).

As these features are typically associated with metastatic spread, we next employed a melanoma model to compare the lung colonization potential of diverse p53 truncating mutants. Specifically, we injected B16-F1 melanoma murine cells ectopically expressing the p53 W146\*, R213\*, G325\* mutants, as well as the vector control Td-Tomato ([Figure 2---figure supplement 2](#fig2s2){ref-type="fig"}), into C57BL/6J mice via tail vein as previously described ([@bib32]). As shown in [Figure 2H and I](#fig2){ref-type="fig"} and [Figure 2---figure supplement 4](#fig2s4){ref-type="fig"}, at day 14 post-injection, we observed a dramatic increase in the number of melanoma colonies in lung in the case of cells expressing the p53 R213\* mutant.

*TP53* exon-6 truncating mutations are expressed in and required for cancer cell survival {#s2-3}
-----------------------------------------------------------------------------------------

In all eukaryotes, mRNA transcripts that contain premature stop codons might be detected and degraded by a surveillance pathway known as nonsense-mediated mRNA decay (NMD) ([@bib3]; [@bib4]). Yet, it has been shown that not all premature truncating transcripts undergo NMD, and that variation in NMD efficiency among different tissues, cell types and even individuals could lead to the expression of variable amounts of truncated proteins that could impact the clinical presentation and outcome of diseases. For example, no NMD-mediated mRNA diminution was observed in the lymphoblasts and bone cells of patients carrying premature termination codons in the collagen X gene ([@bib3]).

As NMD could impair the potential activity of *TP53* exon-6 truncating mutations, we compared the expression of *TP53* exon-6 truncating mutations and p53-WT in multiple tumor samples and tumor-derived cell lines.

Analysis of four individual sequencing studies done by the TCGA project indicated a large distribution in the expression of all p53 mRNAs and a comparable, though slightly decreased, expression of RNA transcripts harboring *TP53* truncating mutations ([Figure 3A](#fig3){ref-type="fig"}, [Figure 3---figure supplement 1](#fig3s1){ref-type="fig"} and [Supplementary file 2](#SD2-data){ref-type="supplementary-material"}).10.7554/eLife.17929.011Figure 3.*TP53* exon-6 truncating mutations are required for EMT and cell survival.(**A**) The chart represents the median distribution of mRNA transcripts from the indicated tumors with p53 truncating mutation (Red) and no mutation (Blue), based on TCGA datasets. See [Figure 3---figure supplement 1](#fig3s1){ref-type="fig"} and [Supplementary file 2](#SD2-data){ref-type="supplementary-material"} for further details. (**B**) The table summarizes *TP53* mutation status in the cell lines utilized in this study. (**C**) Western blot analysis of the indicated cell lines using a p53 N-terminal specific (DO1) antibody and an antibody against RasGAP as loading control. Quantification is provided in [Figure 3---figure supplement 3B](#fig3s3){ref-type="fig"}. (**D**) The chart represents themRNA expression analysis of the indicated genes in A549, SW684 and Calu-6 cell lines. mRNA expression was quantified by SYBR-green-based RT-qPCR. Each bar is the average of 3 replicates and represents the mRNA expression of the indicated gene relative to GAPDH (p-value \*\<0.05 and \*\*\<0.005, unpaired t-test). Analysis of additional cell lines is provided in [Figure 3---figure supplement 4A](#fig3s4){ref-type="fig"} (**E**) Each dot represents the percentage of viable cells compared to scramble shRNA in cells expressing p53-WT (A549) or exon-6 truncating mutations (SW684 and DMS114) upon knockdown of p53 with two independent shRNA constructs. Each dot represents the mean of 9 individual replicates. Efficiency of knock down is provided in [Figure 3---figure supplement 4B](#fig3s4){ref-type="fig"} (**F**) Crystal violet staining of the indicated cell lines upon p53 knockdown with two independent p53 shRNAs. A scramble shRNA was used as a negative control while shRNA targeting the essential gene *RPA3* was used as a positive control. The quantification of knockdown efficiency is provided in [Figure 3---figure supplement 5](#fig3s5){ref-type="fig"} (**G**) The chart depicts the percentage of viable cells 8 days post infection with the indicated shRNA constructs relative to scramble shRNA control. Each bar represents the mean of 9 individual replicates (p-value \*\<0.005, \*\*\<0.0005, unpaired t-test). See [Figure 3---figure supplement 5](#fig3s5){ref-type="fig"} for knockdown efficiency. See [Supplementary file 4](#SD4-data){ref-type="supplementary-material"} for shRNA sequences. (**H**) Workflow of the transplantable model system used in this study. A549 (p53-WT) and Calu-6 (p53 R196\*) cells were transduced with lentivirus constructs expressing an inducible CRISPR-Cas9 (DD-Cas9) targeting p53 (p53 g.140) and as negative control targeting Renila (Ren.g.208). Cells were transplanted sub-cutaneously in immune-deficient mice. When the tumors reached an approximate size of 4--5 mm in diameter; mice were treated with Shield-1 (1 µg). Tumor volume was determined at the indicated time points. See [Supplementary file 5](#SD5-data){ref-type="supplementary-material"} for sgRNA sequences. (**I**) The charts illustrate quantification of tumor volumes (mean ± SD) in the indicated cohorts at given time points (n = 4, p-value \*\<0.05, unpaired t-test). Validation of p53 inactivation is provided in [Figure 3---figure supplement 7B and C](#fig3s7){ref-type="fig"}.**DOI:** [http://dx.doi.org/10.7554/eLife.17929.011](10.7554/eLife.17929.011)10.7554/eLife.17929.012Figure 3---figure supplement 1.The P53 mRNA expression is comparable between p53-WT and p53 truncations.(**A**) The chart represents the distribution of TP53 mRNA expression in the indicated tumors based on analysis of TCGA data sets. Each dot represents one individual tumor and number of tumor samples for each group is indicated on each tumor type. p-value for Pancreas, Sarcoma, Lung Squamous and Head and neck tumors are 0.0001684, 3.18365E-06, 0.001551394 and 1.2E-14 respectively. See [Supplementary file 2 ](#SD2-data){ref-type="supplementary-material"}for further details.**DOI:** [http://dx.doi.org/10.7554/eLife.17929.012](10.7554/eLife.17929.012)10.7554/eLife.17929.013Figure 3---figure supplement 2.Schematic of the p53-WT or truncated forms expressed in the cell lines utilized in this study.(**A**) Cell lines harboring *TP53* exon-6 truncating mutations or splicing mutations are indicated in blue.**DOI:** [http://dx.doi.org/10.7554/eLife.17929.013](10.7554/eLife.17929.013)10.7554/eLife.17929.014Figure 3---figure supplement 3.Validation of p53 expression by immuno-blot and efficient knockdown with indicated p53 specific shRNA.(**A**) Western blot analysis of the indicated cell lines using a p53 N-terminal specific (DO1) antibody and an antibody against RasGAP as loading control. (**B**) Quantification of levels of p53 protein expression in multiple cell lines. Cell extracts were analyzed by western blot analysis with the p53 N-terminal specific (DO1) antibody and RASGAP as a loading control. ImageJ was used to determine signal intensity of the bands. The values were then indicated as ratio of amount of p53 to RasGAP (in arbitrary units) relative to amount in A549 (p53-WT) cells.**DOI:** [http://dx.doi.org/10.7554/eLife.17929.014](10.7554/eLife.17929.014)10.7554/eLife.17929.015Figure 3---figure supplement 4.Differential expression of indicated genes and knockdown efficiency of indicated p53 shRNAs.(**A**) The chart represents the mRNA expression analysis of the indicated genes in AU565 and H2126 cell lines. mRNA expression was quantified by SYBR-green-based RT-qPCR. Each bar is the average of 3 replicates and represents the mRNA expression of the indicated gene relative to GAPDH. (p-value, \*\<0.005 and \*\*\<0.0005, unpaired t-test). (**B**) p53 knockdown efficiency upon infection with two independent shRNAs at indicated times in A549, SW684 and DMS114 cell lines. Each bar is the average of 3 replicates and represents p53 mRNA expression relative to GAPDH. (p-value, \*\<0.005 and \*\*\<0.0005, unpaired t-test).**DOI:** [http://dx.doi.org/10.7554/eLife.17929.015](10.7554/eLife.17929.015)10.7554/eLife.17929.016Figure 3---figure supplement 5.Knockdown efficiency of indicated shRNAs in following cell lines.(**A**) Knockdown efficiency of p53 and RPA3 upon shRNA infection in the indicated cell lines at 96h after infection. Each bar is the average of 3 replicates and represents mRNA expression of the indicated gene relative to GAPDH. (p-value, \*\<0.005, \*\*\<0.0005 and \*\*\*\<0.00005, unpaired t-test). The sequence for each shRNA used in this study, is indicated in [Supplementary file 4](#SD4-data){ref-type="supplementary-material"}.**DOI:** [http://dx.doi.org/10.7554/eLife.17929.016](10.7554/eLife.17929.016)10.7554/eLife.17929.017Figure 3---figure supplement 6.Knockdown of p53 induces apoptosis in cell expressing in p53 exon-6 truncation.(**A**) Cleaved-PARP Western blot analysis upon p53 knockdown in A549 and Calu-6 cell lines 5 days after shRNA infection. As a positive control, A549 were treated with DMSO or 2 µM tunicamycin for 72 hr. Alpha-tubulin was used as a loading control.**DOI:** [http://dx.doi.org/10.7554/eLife.17929.017](10.7554/eLife.17929.017)10.7554/eLife.17929.018Figure 3---figure supplement 7.Inactivation of p53 by using CRISPR-Cas9 decreases cell survival of p53 exon-6 truncation expressing cells.(**A**) The chart represents the number of viable cells compared to Renila control (Ren g.208) upon CRISPR-Cas9 mediated gene editing either with p53 g.13 and g.140 or Rpa3 g.44 as positive control. Each bar is the average of 9 replicates (p-value, \*\<0.05, \*\*\<0.005, \*\*\*\<0.0005 and \*\*\*\*\<0.00005 unpaired t-test). The sequence for each gRNA used in this study, is indicated in [Supplementary file 5](#SD5-data){ref-type="supplementary-material"}. (**B**) Western blot analysis of A549 cell line using a p53 N-terminal specific (DO1) antibody and an antibody against RasGAP as loading control to validate the inactivation of p53. (**C**) Validation of p53 gene editing in the mouse model. Mice were injected sub-cutaneously with A549 cells, treated with Shield-1 after 9 days and sacrificed at day 16. Sections of tumors transduced either with Renila sgRNA or p53 sgRNA were stained with a p53 N-terminal specific (DO1) antibody. Representative pictures are shown.**DOI:** [http://dx.doi.org/10.7554/eLife.17929.018](10.7554/eLife.17929.018)

We confirmed that *TP53* exon-6 truncating mutations partially escape NMD by western blot analysis of protein extracts from multiple tumor-derived cell lines harboring different *TP53* mutations ([Figure 3B](#fig3){ref-type="fig"}). As shown in [Figure 3C](#fig3){ref-type="fig"} and in [Figure 3---figure supplement 3](#fig3s3){ref-type="fig"}, we observed that p53 exon-6 truncating mutants were indeed expressed in the SW684, Calu-6 and DMS114 cell extracts. Notably, analyses of p53 expression upon knockdown with two independent p53 small hairpin RNAs (shRNA) verified that the bands we detected by western blot analysis corresponded to distinct p53 mutant forms ([Figure 3C](#fig3){ref-type="fig"} and [Figure 3---figure supplement 3A](#fig3s3){ref-type="fig"}).

Our studies based on the ectopic expression of p53 exon-6 truncating mutants indicated a possible gain of function activity of these p53 truncated isoforms ([Figure 2](#fig2){ref-type="fig"}). Having previously shown that these mutants are expressed in cancer cells, we next extended our functional studies to include cancer cell lines harboring *TP53* exon-6 truncating mutations.

Acute inactivation of p53 (i.e., 2--4 days) with two independent p53 shRNAs in cells that exclusively expressed the p53 R213\* and R196\* mutants resulted in a down-regulation of EMT markers and up-regulation of E-cadherin ([Figure 3D](#fig3){ref-type="fig"}, and [Figure 3---figure supplement 4A](#fig3s4){ref-type="fig"}). This was consistent with the pro-metastatic activities we observed in cells ectopically expressing *TP53* exon-6 truncating mutations and with the genetic data summarized in [Figure 1](#fig1){ref-type="fig"} and [Figure 2](#fig2){ref-type="fig"}

Yet, prolonged inactivation (i.e., more than 6 days) of p53 in tumor-derived cell lines harboring *TP53* exon-6 truncating mutations resulted in a dramatic decrease in the viability of the cells over time ([Figure 3E and F](#fig3){ref-type="fig"}). We confirmed that the decreased number of cells we found in our viability assay was due to an increase in cell death by measuring levels of expression of the apoptotic marker cleaved-PARP upon p53 knockdown ([Figure 3---figure supplement 6](#fig3s6){ref-type="fig"}). This appeared to be unique to cells expressing the R213\* and R196\* exon-6 truncating mutations (SW684, DMS114 and Calu-6) as silencing p53 in cell lines harboring (i) a wild type p53 allele (A549 and MCF7 cells), (ii) a 'hotspot' missense p53 mutant (AU565), (iii) a longer truncation (HCC1937), (iv) a shorter truncation (H2126), or (v) a p53 homozygous deletion (H1299) did not affect the number of viable cells ([Figure 3F and G](#fig3){ref-type="fig"}).

To eliminate the possibility that these differences were due to the efficiency of p53 inactivation or variance in the cells' sturdiness, we next measured p53 knockdown efficiency as well as the effect of inactivation of the essential gene *RPA3* on cell viability across all the cell lines ([Figure 3F and G](#fig3){ref-type="fig"} and [Figure 3---figure supplement 5](#fig3s5){ref-type="fig"}). In all cases we found similar efficiency of knockdown and comparable decrease in the viability of cells upon RPA3 silencing.

To provide further validation to our findings, we also employed an inducible CRISPR-Cas9 system to inactivate p53 in in-vitro and in-vivo model systems ([@bib36]) ([Figure 3H and I](#fig3){ref-type="fig"} and [Figure 3---figure supplement 7](#fig3s7){ref-type="fig"}). In these cases, the inactivation of p53 also resulted in a substantial decrease in cell viability only in those cells expressing *TP53* exon-6 truncating mutations.

p53 exon-6 truncated mutants partially localize to the mitochondria and regulate mitochondrial transition pore permeability by interaction with cyclophilin D {#s2-4}
-------------------------------------------------------------------------------------------------------------------------------------------------------------

p53-psi is a naturally occurring alternative splice isoform generated by the use of an alternative cryptic splicing acceptor site in intron-6 ([Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}) with an approximate molecular weight of 35 kDa. As demonstrated in Senturk et al., a p53-psi like protein can also be generated by mutations occurring at the splice acceptor site in exon-7 (Hop62, c.673--2A\>G *TP53* mutation).

From a molecular and phenotypic standpoint, the products of *TP53* exon-6 truncating mutations highly resemble p53-psi ([Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}). Like p53-psi, these p53 mutants lack most of the domains required for p53 canonical tumor suppressor activities (i.e., nuclear localization, oligomerization domains, and the alpha helix required for p53-DNA binding) and are capable of reprogramming the cells towards the acquisition of pro-metastatic features. Therefore, unsurprisingly, we not only found that p53 exon-6 truncating mutants were excluded from the nucleus ([Figure 4B](#fig4){ref-type="fig"}), but also that they lacked transcriptional activities ([Figure 4C](#fig4){ref-type="fig"}).10.7554/eLife.17929.019Figure 4.CypD activity is required for phenotypes associated with *TP53* exon-6 truncating mutations.(**A**) Schematic of p53-psi activities as reported by Senturk et al., unlike from p53-WT, p53-psi does not localize in the nucleus and does not have transcriptional capabilities. Yet, p53-psi can translocate to the mitochondria where it binds to CypD and via modification of the inner pore permeability induces pro-metastatic features. (**B**) p53 truncating mutants are excluded form the nucleus. Immuno-staining of H1299 cells with the p53 N-terminal specific (DO1) antibody (red). DAPI (blue) is used as counterstain. (**C**) The chart represents an expression of p53 target genes upon ectopic expression of different p53 truncations in A549 cells either in the absence or presence of Doxorubicin (1 µM) for 24 hr. mRNA expression was quantified by SYBR-green based RT-qPCR. Each bar is the average of 3 replicates and represents the mRNA expression of the indicated genes relative to GAPDH (p-value, \*\<0.05, \*\*\<0.005 and \*\*\*\<0.0005 unpaired t-test). (**D**) p53 truncating mutants are partially localized in the mitochondria. Western blot analysis of total cell extracts and of mitochondrial fractions shows translocation of p53 truncations in mitochondria. Purity of fractions was verified with antibodies specific for the mitochondria matrix protein CypD, mitochondria outer-membrane associated protein Tom20, nuclear protein PARP and cytoplasmic protein p42/44. (**E**) Immuno-precipitation analysis of the mitochondrial fraction from H1299 cells expressing FLAG-tagged different p53 truncations. Cell extracts were immuno-precipitated with a FLAG specific antibody and analyzed by western blot with a p53 N-terminal specific (DO1) antibody and CypD specific antibody. (**F**) p53 truncating mutants increase the mitochondria inner pore permeability. See Materials and methods for details on assay design. The graph indicates the relative number of H1299 cells expressing different p53 truncations that retain calcein fluorescence in mitochondria, upon CoCl~2~ treatment, in the presence or absence of CsA (2 µM) (n = 3, p-value \*\<0.05, unpaired t-test). (**G**) The graph indicates the percentage of cells retaining calcein fluorescence in mitochondria upon CoCl~2~ treatment in the indicated cell lines upon p53 knockdown with shRNA. See [Figure 4---figure supplement 3](#fig4s3){ref-type="fig"} for p53 knockdown efficiency. Note, there is an increase in the number of calcein positive cells (decreased permeability) upon p53 knockdown in cells harboring p53-psi or p53 exon-6 truncating mutations (n = 3, p-value \*\<0.05, \*\*\<0.005 and \*\*\*\<0.0005, unpaired t-test). (**H**) The chart indicates the ratio of JC-1 aggregate relative to monomer in the indicated cells after p53 knockdown with a p53 shRNA lentiviral construct relative to scrambled shRNA. Note the increase in the number of J aggregates (increased mitochondrial polarization) upon p53 knockdown in cells harboring p53-psi or p53 exon-6 truncating mutations (n = 3, p-value \*\<0.0005, \*\*\<0.00005 and \*\*\*\<0.000005, unpaired t-test).**DOI:** [http://dx.doi.org/10.7554/eLife.17929.019](10.7554/eLife.17929.019)10.7554/eLife.17929.020Figure 4---figure supplement 1.p53-psi molecularly resembled *TP53* exon-6 truncating mutations.(**A**) Schematic representation of normal splicing as well as an alternative splicing event in TP53 generating p53-WT and p53-psi as indicated. Lower panel schematic shows structural similarity between p53-psi protein and p53 exon-6 truncations. Each exon in TP53 is indicated with Roman numerals.**DOI:** [http://dx.doi.org/10.7554/eLife.17929.020](10.7554/eLife.17929.020)10.7554/eLife.17929.021Figure 4---figure supplement 2.p53-psi and p53 exon-6 truncations localize to mitochondria without affecting expression and localization of CypD.(**A**) Western blot analysis of H1229 cells expressing different p53 truncations and their localization in mitochondria shown by p53 N-terminal specific (DO1) antibody. Ectopic expression of these truncations does not affect CypD expression and localization in mitochondria shown by CypD specific antibody. Tom20 was used as a loading control for total as well as mitochondrial fraction. These fractions were further used for co-immunoprecipitation experiment shown in Figure 4E. (**B**) This chart represents the ratio of amount of CypD to Tom20 (arbitrary units) in total and the mitochondrial fraction of different p53 truncating expressing cells relative to Td-Tom expressing cells.**DOI:** [http://dx.doi.org/10.7554/eLife.17929.021](10.7554/eLife.17929.021)10.7554/eLife.17929.022Figure 4---figure supplement 3.Knockdown efficiency upon infection with shRNA targeting p53.(**A**) mRNA expression was quantified by SYBR-green based RT-qPCR in the indicated cell lines 96h post infection. Each bar is the average of 3 replicates and represents the mRNA expression of the indicated gene relative to GAPDH (p-value, \*\<0.05, \*\*\<0.005 and \*\*\*\<0.0005 unpaired t-test).**DOI:** [http://dx.doi.org/10.7554/eLife.17929.022](10.7554/eLife.17929.022)10.7554/eLife.17929.023Figure 4---figure supplement 4.p53-psi and p53 exon-6 truncations regulate MPTP and mitochondrial polarization in CypD dependent manner.(**A**) The chart represents the percentage of cells retaining calcein in mitochondria upon CoCI2 treatment. Each column is the average of 3 independent experiments and indicates the mean percentage of calcein positive cells relative to scramble shRNA for each cell lines with standard deviation (n = 3, p-value \*\<0.005 and \*\*\<0.0005, unpaired t-test). *TP53* mutation status for the cell lines utilized in this study is indicated on the right. (**B**) The chart indicates the ratio of J aggregate relative to monomer in the indicated cells after p53 knockdown with a p53 shRNA lentiviral construct relative to scrambled shRNA. Note the increase in the number of J aggregates (increased mitochondrial polarization) upon p53 knockdown in cells harboring p53-psi or p53 exon-6 truncating mutations (n = 3, p-value \*\<0.0005, \*\*\<0.00005 and \*\*\*\<0.000005, unpaired t-test). (**C**) The chart represents the knockdown efficiency upon infection with shRNA targeting CypD in indicated cell lines 96h after infection. mRNA expression was quantified by SYBR-green based RT-qPCR. Each bar is the average of 3 replicates and represents mRNA expression of the indicated gene relative to GAPDH (p-value, \*\<0.05, unpaired t-test).**DOI:** [http://dx.doi.org/10.7554/eLife.17929.023](10.7554/eLife.17929.023)10.7554/eLife.17929.024Figure 4---figure supplement 5.Knockdown efficiency upon infection with shRNA targeting p53.(**A**) mRNA expression was quantified by SYBR-green based RT-qPCR in the indicated cell lines 96h post infection. Each bar is the average of 3 replicates and represents mRNA expression of the indicated gene relative to GAPDH (p-value, \*\<0.05, unpaired t-test).**DOI:** [http://dx.doi.org/10.7554/eLife.17929.024](10.7554/eLife.17929.024)10.7554/eLife.17929.025Figure 4---figure supplement 6.Knockdown of p53 exon-6 truncations and p53-psi does not affect the expression and localization of CypD.(**A**) Western blot analysis (top panel) of total cell extracts and mitochondria fractions of the indicated cell lines. P53 was silenced by shRNA-mediated knockdown with two independent targeting lentiviral constructs. Purity of mitochondrial fractions was confirmed by immuno-blot analysis with antibodies targeting the Tom20 mitochondrial protein and the p42/44 MAPK cytosolic proteins. In the lower panel, the chart depicts quantification of the relative amount of CypD in the total (purple hues) and mitochondria fractions (blue hues) of the indicated cell lines. Levels of intensity of each CypD and Tom20 bands were quantified using the imageJ software, represented as a ratio of CypD to Tom20 and normalized to levels detected in sh.scramble samples, T= total cell lysate and M= mitochondrial lysate.**DOI:** [http://dx.doi.org/10.7554/eLife.17929.025](10.7554/eLife.17929.025)10.7554/eLife.17929.026Figure 4---figure supplement 7.Knockdown of CypD does not affect the expression and localization of mutant p53 isoforms.(**A**) Western blot analysis (top panel) of total cell extracts and mitochondria fractions of the indicated cell lines. CypD was silenced by shRNA-mediated knockdown with two independent targeting lentiviral constructs. Purity of mitochondrial fractions was confirmed by immuno-blot analysis with antibodies targeting the Tom20 mitochondrial protein and the p42/44 MAPK cytosolic proteins. In the lower panel, the chart depicts quantification of the relative amount of p53 in the total (orange hues) and mitochondria fractions (green hues) of the indicated cell lines. Levels of intensity of each p53 and Tom20 bands were quantified using the imageJ software, represented as a ratio of p53 to Tom20 and normalized to levels detected in sh.scramble samples, T= total cell lysate and M= mitochondrial lysate.**DOI:** [http://dx.doi.org/10.7554/eLife.17929.026](10.7554/eLife.17929.026)

Previous studies have indicated that p53-WT under stress conditions could localize to the mitochondria and bind to the mitochondria permeability transition pore (MPTP) regulator Cyclophilin D (CypD) through a domain present from amino acid 80 to amino acid 220 of the p53 protein ([@bib39]). More recently Senturk et al., showed that p53-psi is constitutively localized to the mitochondria where it also binds to CypD. Specifically, they were able to demonstrate that the tumor promoting activities of p53-psi requires its molecular and functional interaction with CypD ([@bib37]) ([Figure 4A](#fig4){ref-type="fig"}).

CypD is a peptidyl-prolyl isomerase and the only validated regulatory component of the MPTP ([@bib1]; [@bib35]; [@bib14]). CypD activity can be pharmacologically inactivated by Cyclosporin A (CsA). CsA was initially isolated from the fungus Tolypocladium inflatum ([@bib16]). It is best known as an immunosuppressant drug that reduces the activity of the immune system by interfering with the activity and growth of T cells ([@bib6]). In addition to its effect on T cells, CsA has also been shown to be a potent inhibitor of CypD by preventing the binding of CypD to other components of the MPTP ([@bib15], [@bib28]; [@bib1]).

As the domains that are required for p53 mitochondria localization and its interaction with CypD are conserved in *TP53* exon-6 truncating mutations, we examined the sub-cellular distributions of different p53 truncating mutants and their interactions with CypD. We found that p53 exon-6 truncating mutants were partially localized to the mitochondria ([Figure 4D](#fig4){ref-type="fig"} and [Figure 4---figure supplement 2](#fig4s2){ref-type="fig"}) and, as shown by our immunoprecipitation experiments, could bind to CypD in the mitochondrial fractions ([Figure 4E](#fig4){ref-type="fig"}). The binding of p53 exon-6 truncating mutants with CypD was not due to changes in the expression of CypD, as neither the ectopic expression of *TP53* exon-6 truncating mutations nor decreasing their expression had any effects on CypD expression or its mitochondrial localization ([Figure 4---figure supplement 2](#fig4s2){ref-type="fig"} and [6](#fig4s6){ref-type="fig"}). Similarly, knockdown of CypD in cells expressing p53-psi or exon-6 truncating mutants did not affect the localization of truncated p53 isoforms to mitochondria ([Figure 4---figure supplement 7](#fig4s7){ref-type="fig"}).

To test the functional role of a CypD/p53 exon-6 truncations interactions, we analyzed changes in the permeability of the MPTP by using a calcein fluorescence assay in cells ectopically expressing W146\*, R196\*, R213\*, p53-psi and G325\*. We found an increased permeability of the MPTP only in the case of p53-psi and the R196\* and R213\* mutants. Interestingly, in the cells expressing the W146\* p53 mutants we instead observed a decrease of MPTP permeability ([Figure 4F](#fig4){ref-type="fig"}).

To confirm that these changes in mitochondrial permeability were dependent on CypD, we then inhibited CypD activity using CsA. We found that in the presence of CsA, the increase in the pore permeability that we observed in cells expressing R196\*, R213\* p53 exon-6 mutants and p53-psi was completely ablated ([Figure 4F](#fig4){ref-type="fig"}). To further validate the possible function of p53 exon-6 truncations and p53-psi in regulating the MPTP function, we performed similar experiments in tumor-derived cell lines with p53-psi splicing mutation (Hop62), exon-6 truncating mutation (SW684, DMS114 and Calu-6), p53-WT (A549, MCF7), a shorter truncation (H2126) and a p53 homozygous deletion (H1299) upon knock down of p53. As shown in [Figure 4G](#fig4){ref-type="fig"}, only cells expressing p53-psi and exon-6 truncating mutations showed a decrease in mitochondrial permeability after the knockdown of p53. Similarly, CypD silencing resulted in a decrease in mitochondrial permeability only in those cells expressing p53-psi and exon-6 truncating mutations ([Figure 4---figure supplement 4A and C](#fig4s4){ref-type="fig"}).

An increase in the mitochondria pore permeability is predicted to reduce the mitochondrial polarization. Hence, we also performed a JC-1 based assay to analyze any changes in the mitochondrial polarization upon inactivation of p53 and CypD. As shown in [Figure 4H](#fig4){ref-type="fig"} and [Figure 4---figure supplement 4B](#fig4s4){ref-type="fig"}, knockdown of p53 or CypD in cell lines expressing p53-psi and exon-6 truncating mutations specifically resulted in the hyperpolarization of mitochondria.

Cyclophilin D activity is required for phenotypes associated with *TP53* exon-6 truncating mutations {#s2-5}
----------------------------------------------------------------------------------------------------

Having shown that p53 exon-6 truncating mutants and p53-psi regulate the MPTP in a CypD dependent fashion ([Figure 4](#fig4){ref-type="fig"}), we next conducted studies aimed at understanding a functional role of the inner pore regulator CypD in mediating the acquisition of pro-metastatic features and survival in cells expressing p53-psi or p53 exon-6 truncating mutants. To this end, we genetically reduced the expression of CypD either by shRNA mediated knockdown in-vitro or by CRISPR-Cas9 mediated gene editing in a mouse model system.

[Figure 5A](#fig5){ref-type="fig"} demonstrates that short-term inactivation of CypD led to a decrease in mesenchymal markers in cells specifically expressing p53-psi or exon-6 truncating mutants (Hop62, DMS114 and Calu-6). When p53 was inactivated in these cells, we observed a reduction in cell viability; analogously, CypD long-term knockdown also led to a reduction in viable cells in in-vitro cell viability experiments ([Figure 5C and D](#fig5){ref-type="fig"} and [Figure 5---figure supplement 1B](#fig5s1){ref-type="fig"}). This result was also recapitulated by treatment of cells with the novel CypD inhibitor, C-9 ([Figure 5B](#fig5){ref-type="fig"}) ([@bib38]).10.7554/eLife.17929.027Figure 5.CypD activity is required for phenotypes associated with *TP53* exon-6 truncating mutations.(**A**) CypD is required for maintaining cells in a mesenchymal like state. The chart represents mRNA expression analysis of the indicated genes in A549 (p53-WT), Hop62 (p53-psi), DMS114 (p53-R213\*) and Calu-6 (R196\*) cell lines after CypD knockdown. Cells harboring p53-psi or *TP53* exon-6 nonsense mutations are indicated in blue. mRNA expression was quantified by SYBR-green-based RT-qPCR. Each bar is the average of 3 replicates and represents mRNA expression of the indicated gene relative to GAPDH (p-value, \*\<0.05, \*\*\<0.005 and \*\*\*\<0.0005, unpaired t-test). See [Figure 5---figure supplement 1A](#fig5s1){ref-type="fig"} for analysis in additional cell lines. (**B**) CypD is required for the survival of cells harboring p53-psi splice or *TP53* exon-6 truncating mutations. The graph represents cell survival curve of indicated cell lines when treated with CypD inhibitor C-9 for 120 hr. (**C**) Crystal violet staining of the indicated cell lines upon CypD knockdown with two independent shRNAs. A scramble shRNA was used as negative control. The quantification of knockdown efficiency is provided in [Figure 5---figure supplement 1B](#fig5s1){ref-type="fig"}. (**D**) The chart depicts the percentage of viable cells 8 days after infection with the indicated CypD shRNA constructs relative to scramble shRNA control. Each bar represents the mean of 9 individual replicates (p-value \*\<0.0005 and \*\*\<0.00005, unpaired t-test). (**E**) Workflow of the transplantable model system used in this study. A549 (p53-WT) and Calu-6 (p53 R196\*) cells were transduced with an inducible CRISPR-Cas9 (DD-Cas9) targeting CypD (CypD g.131) and Renila (Ren g.208). Cells were transplanted sub-cutaneously in immune-deficient mice. When the tumors reached an approximate size of 4--5 mm in diameter, mice were treated with Shield-1 (1 µg). Tumor volume was determined at the indicated time points. See [Supplementary file 5](#SD5-data){ref-type="supplementary-material"} for sgRNA sequences. (**F**) The charts illustrate quantification of tumor volumes (mean ± SD) in the indicated cohorts at given time points (n = 4, p-value \*\<0.05, unpaired t-test). Validation of CypD inactivation is provided in [Figure 5---figure supplement 2](#fig5s2){ref-type="fig"}.**DOI:** [http://dx.doi.org/10.7554/eLife.17929.027](10.7554/eLife.17929.027)10.7554/eLife.17929.028Figure 5---figure supplement 1.Differential expression of indicated genes and knockdown efficiency of CypD shRNAs.(**A**) The chart represents mRNA expression analysis of the indicated genes in HCC1937, H2126 and H1299 cell lines. mRNA expression was quantified by SYBR-green based RT-qPCR. Each bar is the average of 3 replicates and represents mRNA expression of the indicated genes relative to GAPDH (p-value, \*\<0.05, \*\*\<0.005 and \*\*\*\<0.0005 unpaired t-test). (**B**) The chart represents the knockdown efficiency of two CypD shRNAs in indicated cell lines at 96h post infection. mRNA expression was quantified by SYBR-green based RT-qPCR. Each bar is the average of 3 replicates and represents mRNA expression of the indicated genes relative to GAPDH (p‐value, \*\<0.005 and \*\*\<0.0005 unpaired t-test).**DOI:** [http://dx.doi.org/10.7554/eLife.17929.028](10.7554/eLife.17929.028)10.7554/eLife.17929.029Figure 5---figure supplement 2.Inactivation of CypD by CRISPR-Cas9 in in vitro and in vivo systems.(**A**) Western blot analysis of the indicated cell lines using a CypD specific antibody and an antibody against RasGAP as loading control. (**B**) Mice were injected sub-cutaneously with A549 cells, after 9 days treated with Shield-1 and sacrificed at day 16. Sections of tumors transduced either with Renila sgRNA or CypD sgRNA were stained with a CypD specific antibody. Representative pictures are shown.**DOI:** [http://dx.doi.org/10.7554/eLife.17929.029](10.7554/eLife.17929.029)

To provide evidence that the dependency of cells expressing p53 exon-6 truncating mutants on CypD expression was not only restricted to in-vitro settings, we next extended our studies to an in-vivo model system based on sub-cutaneous transplantation of tumor cell lines in immune-compromised mice. [Figure 5E and F](#fig5){ref-type="fig"} show that the inactivation of CypD expression in xenograft models using an inducible CRISPR-Cas9 gene editing system decreased the tumor volume of p53 exon-6 truncating mutant-expressing cells (Calu6), but not the tumor volume of p53-WT expressing cells (A549) ([Figure 5---figure supplement 2](#fig5s2){ref-type="fig"}).

Discussion {#s3}
==========

In summary, our analysis of human tumors, combined with the detailed molecular characterization of *TP53* exon-6 truncating mutations, offers strong support for the idea that chromosome 17p deletions and, particularly, *TP53* mutations produce a multiplicity of alleles with diverse activities that contribute differently to tumorigenesis by providing distinct, selective advantages ([@bib33]; [@bib5]; [@bib30]; [@bib31]; [@bib23]). Our studies, in fact, revealed that p53 exon-6 truncating mutants not only lack transcriptional activities and the capacity to respond to DNA damage, but are also uniquely able to activate a pro-tumorigenic cellular program.

Consistent with the capabilities of these p53 mutants to promote rather than halt tumorigenesis, *TP53* exon-6 truncating mutations are highly abundant and are enriched in certain tumors ([Figure 1](#fig1){ref-type="fig"}). Although, in principle this implies that these specific mutants could increase the fitness of tumors, we cannot exclude the possibility that the higher than expected frequency we observed in tumors could alternatively be explained by a specific etiology and/or a particular mutagenic modality. Additional experiments in mouse model systems will be required to better understand the ontogeny of these mutations.

One interesting feature of the p53 exon-6 truncating mutants is their similarity to the naturally occurring p53 isoform p53-psi. Much like p53-psi, they lack part of the DNA binding and oligomerization domains as well as the nuclear localization sequences; however, they are partially localized to the mitochondria where they are able to bind and activate Cyclophilin D.

CypD is a positive regulator of the opening of the MPTP. Inhibition of CypD activity, either genetically or pharmacologically, has been reported to reduce mitochondrial permeability and induce changes in mitochondrial membrane potential. Hence, unsurprisingly, we observed that the expression of *TP53* exon-6 truncating mutations is sufficient to increase the MPTP.

In the past, an augmented mitochondrial permeability has always been associated with decreased cell viability. Yet, cells expressing *TP53* exon-6 truncating mutations are proliferating under normal conditions and are actually dependent on CypD for their survival. These observations are consistent with more recent reports indicating that the MPTP has a role not only in inducing cell death under cellular stress, but also in physiological processes ([@bib20]) and in the induction of phenotypic changes associated with pro-metastatic features ([@bib37]).

The requirement of mitochondria localization, interaction with CypD and the lack of transcriptional activities distinguish *TP53* exon-6 truncating mutations from other p53 gain of function mutants with pro-tumorigenic functions (e.g. R175, G245, R248, R249, R273 and R282). Despite the fact that p53 gain of function mutants are also capable of inducing pro-metastatic features, we found that their activities strongly depend on their nuclear localization and transcriptional activities.

In our study, structure-function analysis has also shown that the p53 W146\* mutant is unable to interact with CypD despite its ability to localize to the mitochondria. Interestingly and contrary to p53-psi and p53 exon-6 truncating mutants, the expression of the p53 W146\* mutant increased the expression of E-cadherin instead of reducing it ([Figure 2D and E](#fig2){ref-type="fig"}), and decreased the permeability of the MPTP in a calcein assay ([Figure 4F](#fig4){ref-type="fig"}). To explain this observation, it is tempting to speculate that the p53 W146\* mutant may interact with other components of the MPTP and antagonize the function of CypD. Further studies will be required to illuminate the underpinning mechanisms.

The selective dependencies of cancer cells harboring exon-6 *TP53* truncating mutations to CypD activity ([Figure 5B--F](#fig5){ref-type="fig"}) is particularly exciting, as it begs the design of novel targeted therapeutics. Notably, the high prevalence of p53-psi or *TP53* exon-6 truncating mutations in certain tumors also suggests that this class of *TP53* mutations represents a strong precision medicine candidate target comparable to the well-documented EGFR, ROS and ALK mutations in NSCLC ([@bib19]).

In conclusion, our studies indicated that multiple *TP53* exon-6 truncating mutations, despite lacking transcriptional and canonical p53 tumor suppressor activities, can reprogram the cells' signaling networks, change the 'dependency' of cells and their cell state. As these mutations structurally and functionally mimic the naturally occurring p53-psi isoform, we propose that *TP53* exon-6 mutations are best described as \'separation of function\' rather than simply \'gain of function\' or \'loss of function\' Interestingly, approximately one-third of all human genetic disorders are caused by mutations that generate premature stop codons ([@bib13]). Hence, *TP53* exon-6 truncating mutations could represent a paradigm for other diseases that could similarly be driven by the separation of function isoforms.

Materials and methods {#s4}
=====================

Animals {#s4-1}
-------

### Xenograft assay {#s4-1-1}

All animal experiments were performed in accordance with the National Research Council's Guide for the Care and Use of Laboratory Animals. Protocols were approved by the Cold Spring Harbor Laboratory Animal Care and Use Committee. Female NU/NU mice 6-weeks old were purchased from Charles River (Wilmington, Massachusetts). A549 and Calu-6 lung cancer cells were plated and infected in-vitro with lentiviruses carrying Renila and p53 sgRNAs at a multiplicity of infection (MOI) of 1. Xenograft tumors of A549 and Calu-6 cells with inducible-cas9 expression were established by subcutaneous injection of 5 × 10^5^ cells in 100 µL volume mixed with 1:1 dilution basement membrane matrix with biological activity (Matrigel, BD Biosciences, San Jose, California). Three to four animals per group were used in each experiment. When tumors reached a palpable size, animals were administered with 1 µg peritumoral injection of Shield-1 (diluted in 100 µL PBS), once per day for the duration of four days. Tumor growth was followed for two weeks using a vernier caliper (volume = ((d*short)^2^* × (d*long*))/2). At the end of the experiment, the mice were sacrificed. Tumors were extracted and fixed in freshly prepared 4% paraformaldehyde for 24 hr.

### Tail vein assay {#s4-1-2}

Tail vein assay for B16-F1 cells with p53 truncations was conducted as previously described ([@bib32]). B16-F1 cells were collected at 50% confluency and a final suspension of cells with 4 × 10^5^ cells/mL was prepared in HBSS buffer. C57BL6 mice were injected with 0.5 mL of cell suspension intravenously in the tail vein. Since B16-F1 melanoma have inherent colonization property, the mice were sacrificed at day 14 post-injection. We changed the end-point of experiment to day 14 instead of 18 to avoid saturation of lung with melanoma colonies which would had underestimated the increase in colonization potential of specific clone. For quantification of lung colonies, extracted lungs were fixed in freshly prepared 4% paraformaldehyde for 24 hr. After fixation, lungs were embedded in agarose, sectioned vertically and transferred to slides for H and E staining.

Cell lines {#s4-2}
----------

All cell lines were obtained from the American Type Culture Collection (ATCC, Manassas, Virginina), except Hop62 which was obtained from the National Cancer Institute (NCI) with provided information of authenticity in the year 2015. All of the cell lines were regularly monitored for mycoplasma contamination by using Lonza mycoalert mycoplasma detection kit as per the manufacturer's instructions. All the cell lines tested negative for Mycoplasma contamination. A549 (RRID: [CVCL_0023](https://scicrunch.org/resolver/CVCL_0023)), AU565 (RRID: [CVCL_1074](https://scicrunch.org/resolver/CVCL_1074)), H1299 (RRID: [CVCL_0060](https://scicrunch.org/resolver/CVCL_0060)), HCC1937 (RRID: [CVCL_0290](https://scicrunch.org/resolver/CVCL_0290)) and Hop62 (RRID: [CVCL_1285](https://scicrunch.org/resolver/CVCL_1285)) cells were cultured in RPMI supplemented with 10% Fetal Bovine Serum (FBS, HyClone), Penicillin-Streptomycin (10,000 units/mL, Gibco). B16-F1 (RRID: [CVCL_0158](https://scicrunch.org/resolver/CVCL_0158)), Calu-6 (RRID: [CVCL_0236](https://scicrunch.org/resolver/CVCL_0236)), H2126 (RRID: [CVCL_1532](https://scicrunch.org/resolver/CVCL_1532)), HEK-293T (RRID: [CVCL_0063](https://scicrunch.org/resolver/CVCL_0063)), MCF7 (RRID: [CVCL_0031](https://scicrunch.org/resolver/CVCL_0031)), and SW684 (RRID: [CVCL_1726](https://scicrunch.org/resolver/CVCL_1726)) cells were cultured in DMEM supplemented with 10% Fetal Bovine Serum (FBS, HyClone), Penicillin-Streptomycin (10,000 units/mL, Gibco). DMS114 (RRID: [CVCL_1174](https://scicrunch.org/resolver/CVCL_1174)) cells were cultured in Waymouth media supplemented with 10% Fetal Bovine Serum (FBS, HyClone), Penicillin-Streptomycin (10,000 units/mL, Gibco). All of the cell lines were incubated at 37°C with 5% CO~2~ incubation.

Generation of cell lines {#s4-3}
------------------------

For the constitutive ectopic expression of p53-WT, p53-psi and other p53 truncated forms, we used a lentiviral gene expression system. cDNAs encoding p53-WT, p53-psi and different p53 truncations were cloned into the pENTR4 (Invitrogen, Carlsbad, California) vector by using A549 cells cDNA as a template for *TP53*. Using the Gateway technology, each pENTR4 vector was recombined with pENTR5 vector and pLenti6.4 destination vector. For our experiment, we used pENTR5 vector that contains the human EF-1α promoter.

Virus production {#s4-4}
----------------

1.  For pLenti6.4 System: HEK-293T cells were co-transfected with the constructs encoding the genes of interest with the packaging plasmids as LP1, LP2 and p-VSV-G using lipofectamine 2000 reagent (Life Technologies, Carlsbad, California). 10 mL of virus particles were collected after 48 hr of transfection by clarifying the supernatant through 0.45 µm filter membrane. Cells were infected and selected by blasticidin at concentration of 10 ug/mL in 3--5 days.

2.  For PLKO.1 shRNA System: All shRNA constructs were obtained from Sigma-Aldrich (St. Louis, Missouri), except PLKO.1 scrambled and p53-773 that were obtained from Addgene. HEK-293T cells were co-transfected with the PLKO.1 constructs with the packaging plasmids as BH10, Rev and VSV-G using lipofectamine 2000 reagent. 10 mL of virus particles were collected after 48 hr of transfection by clarifying the supernatant through 0.45 µm filter membrane. The sequence of shRNAs used in this study is listed in [Supplementary file 4.](#SD4-data){ref-type="supplementary-material"}

3.  For DD-Cas9 System: DD-Cas9 (Destabilized Cas9) system was designed in lab by ([@bib36]). sgRNAs were designed using an algorithm on <http://crispr.mit.edu/.> Virus packaging was achieved by transiently co-transfecting HEK-293T cells on 10 cm culture dish with the constructs encoding the sgRNAs of interest with DD-Cas9 along with the packaging plasmid psPAX2 and envelope plasmid pMD2.G (Didier Trono, Addgene) using lipofectamine 2000 reagent. 10 mL of viral particles were collected after 48 hr of transfection by clarifying the supernatant through 0.45 µm filter membrane. Virus transduction was optimized in order to achieve low MOI transduction. Typically, 500--2000 µL virus particles from 10 mL stock were used to infect 1 × 10^6^ cells on a 10 cm culture dish in 10 mL total volume of culture medium. Shield-1, obtained from Cheminpharma (Branford, connecticut), was solubilized in pure ethanol and was added to culture media with given concentrations. The sequence of oligonucleotides for cloning all sgRNAs used in this study is listed in [Supplementary file 5.](#SD5-data){ref-type="supplementary-material"}

Western blot analysis {#s4-5}
---------------------

Protein samples were isolated by re-suspending cell pellets in RIPA buffer (50 mM Tris-HCl at pH 7.6, 150 mM NaCl, 1% NP-40, 0.5% Na deoxycholate, 0.1% SDS with Protease inhibitors). After removal of the debris, samples were quantified with colorimetric BCA kit (Pierce, Rockford, Illinois). For p53 expression 10 µg of protein extract for p53-WT expressing cells and ectopic expression cell lines or 50--75 µg of protein extract for p53 truncation expressing cells lines were electrophoresed on 6--12% gradient gels and wet-transferred to nitrocellulose membranes. For other proteins 20 µg of protein extract were electrophoresed on 6--12% gradient gels and wet-transferred to nitrocellulose membranes. After 1 hr blocking with 5% nonfat dry milk in 1X TBS, 0.1% Tween20 at room temperature, membranes were incubated with antibodies diluted in 1% w/v BSA as follows; p53-DO1 mouse mAb(1:1000, EMD Millipore, Billerica, Massachussetts, RRID: [AB_213402](https://scicrunch.org/resolver/AB_213402)), α-tubulin DM1A mouse mAb (1:50000, EMD Millipore, RRID: [AB_11204167](https://scicrunch.org/resolver/AB_11204167)), Anti-Ras-GAP mouse mAb (1:1000, BD Biosciences, RRID: [AB_397455](https://scicrunch.org/resolver/AB_397455)), Tom 20 (FL145) rabbit polyclonal Ab (1:1000, Santa-Cruz Biotechnology, Santa Cruz, California,RRID: AB_2207533), PARP (46D11) Rabbit mAb (1:1000, Cell signaling technology, Danvers, Massachusetts, RRID: [AB_10695538](https://scicrunch.org/resolver/AB_10695538)) cleaved PARP (Asp214) Rabbit Ab (1:1000, Cell signaling technology, RRID: [AB_331426](https://scicrunch.org/resolver/AB_331426)), p42/44 MAPK (ERK1/2) antibody (1:1000, Cell signaling technology, RRID: [AB_330744](https://scicrunch.org/resolver/AB_330744)) and CypD mouse mAB (1:5000, Abcam, Cambridge, Massachusetts, RRID: [AB_10864110](https://scicrunch.org/resolver/AB_10864110)). All incubations were performed overnight at 4°C. Membranes were rinsed thoroughly with 1X TBS-T and then incubated with species-specific HRP-tagged secondary antibodies (1:10000, Bio-Rad, Hercules, California). Western blots were developed by incubating the membranes with Supersignal west femto maximum sensitivity substrate diluted in Pierce ECL western blotting substrate (1:10 v/v) solution (Thermo Fisher Scientific, Waltham, Massachusetts) for 4 min.

RNA isolation and RT-qPCR {#s4-6}
-------------------------

Cells were rinsed twice and harvested with ice cold PBS. Pellets were lysed in 800 μL Trizol (Invitrogen) and RNA was extracted according to the manufacturer's instructions. Contaminating DNA was removed by RNase-free DNase (Promega, Madison, Wisconsin) treatment for 30 min at 37°C. cDNA was prepared from 2 μg total RNA using ImProm-II Reverse Transcription System (Promega) with 16mer oligo(dT). RT-qPCR was performed using Power SYBR Green PCR Master Mix as per the manufacturer's instruction (Applied Biosystems, Carlsbad, California).

Cell growth assay {#s4-7}
-----------------

For cell growth assay, an equal number (5000--15000 cells/well) of cells was plated in quadruplets in 12-well plates (BD falcon, Corning, New York) after infection with either shRNAs or DD-Cas9 virus particles. Cell growth was followed for 8--15 days, and media was changed every 3--4 days. The cells were split at intermitted time points to avoid reaching over-confluency. Cells were washed with PBS to get rid of the floating cells and fixed in 4% Formaldehyde in PBS (V/V) for 10--15 min. Fixed cells were stained by staining solution (0.1% Crystal violet in 10% ethanol) for 20 min. The staining solution was aspirated from the wells, and the cells were washed with water three times to get rid of any extra stain. Stained cells were air dried and imaged by using Licor Odyssey. To quantify the cell numbers, cells were destained by using 10% Acetic acid and absorbance of de-stained solution was measured at 590 nm at appropriate dilutions.

Wound healing assay {#s4-8}
-------------------

To perform the wound-healing assay, cells were plated in a 6-well plate (BD-Falcon) and allowed to grow up to 80--90% confluency. A wound was introduced using a P200 tip, and was imaged at indicated time points using a Zeiss Observer Live Cell inverted fluorescence microscope. The quantification of wound closure was performed by measuring the length of wound at indicated times by using ImageJ software.

Invasion assay {#s4-9}
--------------

The cell invasion assay was performed using a Cytoselect 24-well cell invasion assay Basement membrane kit as per manufacturer's instructions (Cell Biolabs Inc, San Diego, California).

Immunofluorescence {#s4-10}
------------------

Cells were grown on glass coverslips in 24-well cell culture plates and collected at appropriate confluency. Cells were fixed with 4% Para-formaldehyde and permeabilized in 0.1% Triton X-100 in PBS for 10 min. Fixed cells were washed three times in PBS and blocked with 1% BSA in PBS for 1 hr. After washing three times with PBS, cells were incubated with the primary antibody diluted in 1% BSA for overnight at 4°C. Immune complexes were then stained with the indicated secondary antibodies (Invitrogen). DAPI was used for nuclear staining. Stained cells were mounted with Vectashield mounting medium (Vector Laboratories, Burlingame, California) and analyzed under theconfocal microscope. The antibodies used for immunofluorescence were p53-DO1 mouse mAb (1:100, EMD Millipore) and E-Cadherin (1:200, BD Biosciences). Alexa Fluor 488-tagged phalloidin (Thermo Fisher Scientific) was used to stain actin stress fibers as per the manufacturer's recommendation.

Immunohistochemistry {#s4-11}
--------------------

Tissues were fixed in 10% neutral buffered formalin for 24 hr and then transferred to PBS. Tissues were embedded in paraffin and 5 μm sections were processed for hematoxylin--eosin staining and immunohistochemistry. Antigen was retrieved by using citrate buffer at pH 6.0 at high heat and pressure for 30 min. Endogenous peroxidases were blocked with 3% hydrogen peroxide (10 min), followed by serum blocking (1 hr). Primary antibodies were incubated overnight at 4°C. Secondary antibodies (ImmPRESS Reagent Anti-Mouse IgG and Anti-Rabbit IgG from Vector Labs) were incubated at room temperature for 1 hr. Antigens were developed with ImmPACT DAB kit (Vector Labs) peroxidase substrate. Primary antibodies used were Mouse anti-p53 antibody (OP43, EMD Millipore, 1:100); Rabbit anti-CypD antibody (ab155979, abcam, 1:50).

Mitochondrial fractionations {#s4-12}
----------------------------

After cultured cells were trypsinized, counted, and washed with PBS, mitochondria were extracted from 10^7^ cells using a Mitochondria isolation kit (MACS Miltenyi Biotech, San Diego, California) containing anti-Tom22 mitochondria specific magnetic microbeads. After extraction, the mitochondria were lysed in buffer A (150 mM NaCl, 5 mM EDTA, 1% digitonin, and 50 mM Tris-HCl pH 7.5) for 1 hr. The amount of protein collected was quantified using a BCA kit, and samples were electrophoresed as described earlier. The purity of fractions was determined by immunoblotting with different cellular compartment markers.

Immunoprecipitation {#s4-13}
-------------------

For immunoprecipitation mitochondrial fractions were lysed as described earlier. Lysed fractions were pre-cleared with agarose IgG beads for 30 min. FLAG tagged p53 was immunoprecipitated from 550 μg of the mitochondrial lysate with monoclonal Anti-FLAG M2 mouse antibody (Sigma-Aldrich, RRID: [AB_262044](https://scicrunch.org/resolver/AB_262044)) at 4°C overnight on a rotator. Samples were next washed 5 times with buffer B (150 mM NaCl, 5 mM EDTA, 0.5% digitonin, 1% triton X-100 and 50 mM Tris-HCl pH 7.5). The immunoprecipitated proteins were eluted and analyzed by immunoblotting for CypD binding.

Mitochondrial permeability transition pore (MPTP) assay {#s4-14}
-------------------------------------------------------

To measure change in the mitochondrial permeability transition pore (MPTP) opening, p53 truncation-expressing cell lines were infected with p53 or CypD shRNA. Cells were collected post infection at 96 hr. Alterations in the functionality of MPTP were measured by assessing changes in calcein fluorescence by using MPTP kit (Biovision K239-100, Milpitas, California) as per the manufacturer's instructions. To measure MPTP opening, ectopically expressing p53 truncations cells were grown in 2% FBS for 36 hr and were treated with vehicle or 2 μM of CsA for 2 hr before collecting for analysis. To analyze the degree of pore opening quenching of calcein fluorescence by CoCl~2~ is measured. As shown below, higher the calcein fluorescence in presence of CoCl~2~, more the decrease in pore permeability, and vice-versa.

JC-1 assay {#s4-15}
----------

To measure the change in mitochondrial polarization, p53 truncations expressing cell lines were either infected with p53 or CypD shRNA. Cells were collected post-infection at 96 hr, and mitochondrial polarization was measured using the MitoProbe JC-1 assay kit manufacturer's instructions (Thermo Fisher Scientific-M34152).

Drug sensitivity assay {#s4-16}
----------------------

For the drug sensitivity assay, an equal number (2000--8000 cells/well) of cells was plated in quadruplets in 24-well plates (BD falcon). After 24 hr, different concentrations of C-9 were added to the cells. At indicated time points, cells were washed with PBS, fixed with formaldehyde, stained with crystal violet and quantified as described earlier.

Data analysis {#s4-17}
-------------

All mutation data were obtained from the MSKCC cBioPortal (<http://www.cbioportal.org>). Statistical analyses were performed in R (<http://cran.r-project.org/>) (RRID:[SCR_003005](https://scicrunch.org/resolver/SCR_003005)). Fisher's exact test was used to compare observed versus expected occurrence of various types of *TP53* mutation. Both nonsense mutations occurring in exon-6 and frameshift mutations wherein a premature stop codon was introduced in exon-6 were considered as exon-6 truncations.

All data and statistical analyses were performed using GraphPad Prism Software (RRID: [SCR_002798](https://scicrunch.org/resolver/SCR_002798)).
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Thank you for submitting your article \'Tp53 exon-6 Truncating Mutations Produce Separation-of-Function Isoforms with Pro-tumorigenic Functions\' for consideration by *eLife*. Your article has been reviewed by three peer reviewers, one of whom Joaquin Espinosa (Reviewer \#1), is a member of our Board of Reviewing Editors and the evaluation has been overseen by Charles Sawyers as the Senior Editor. The following individuals involved in review of your submission have agreed to reveal their identity: Jean-Christophe Bourdon (Reviewer \#2) and Antony Braithwaite (Reviewer \#3).

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

Summary:

In this manuscript, Sordella and colleagues report the characterization of p53 exon 6 truncation mutants in human cancer cells. The manuscript contains a number of interesting observations, that could be summarized as follows:

1\) Exon 6 nonsense (truncation) p53 mutants occur at a higher frequency relative to missense mutations, are stably expressed in many tumor cell lines (effectively bypassing nonsense-mediated decay) and, in the case of colorectal tumors, are more common in metastases than primary tumors.

2\) Exon 6 nonsense p53 mutants harbor gain-of-function (GOF) activity, promoting cell viability, EMT-like properties in vitro and metastasis in a mouse model.

3\) Exon 6 nonsense p53 mutants are mostly excluded from the nucleus, localizing instead to cytoplasm and mitochondria, where they bind to cyclophilin D (CypD) and promote mitochondrial membrane permeability.

4\) Cancer cell lines expressing exon 6 nonsense mutants display dependency on both mutant p53 and CypD, suggesting an epistatic relationship between these proteins in promoting cell survival and EMT features.

Overall, the Reviewers found the paper interesting, fulfilling a gap in the p53 field, as p53 truncated mutants have not been explored in detail. The GOF mechanism reported was deemed interesting, because it is clearly different from that observed for p53 missense mutants, which act in the nucleus via transcriptional effects.

After thorough discussion, the Reviewers agreed to encourage submission of a revised manuscript addressing several major and minor points:

Essential points:

1\) Reviewers agreed that a main conclusion in the manuscript is not fully supported by the data and that additional work is required to prove this point. The authors claim that p53 mutants lacking the DNA binding domain regulate mitochondrial membrane permeability (through MPTP activity) in a CypD-dependent manner. The data show that mutant p53 R213\* binds to CypD but it is unclear whether this interaction occurs in the mitochondria or in the cytoplasm (if in the cytoplasm, it would imply that mutant p53 inhibits localization of CypD to the mitochondria which would explain its reduced mitochondrial localization in H1299 cells overexpressing R213\* or R196\*). Furthermore, it is unclear whether overexpression of CypD abolishes MPTP closure promoted by depletion of mutant p53 R213\*. Therefore, the mechanistic and epistatic relationship between p53 truncated mutants and CypD must be explored in greater detail. Specific questions that must be answered experimentally are:

1.1) Is casein fluorescence (which indicates MPTP closure) dependent on CypD in the cell lines with truncated p53 (HoP62, DMS114, Calu-6 and SW684)?

1.2) Does knock-down of endogenous mutant p53 in cell lines expressing R213\* or R196\* change mitochondrial localization of CypD (HoP62, DMS114, Calu-6 and SW684 cell lines)?

1.3) Does knock-down of CypD change mitochondrial localization of endogenous mutant p53 in HoP62, DMS114, Calu-6 and SW684?

1.4) Does depletion of endogenous mutant p53 R213\* or R196\* in HoP62, DMS114, Calu-6 and SW684 change mitochondrial polarization and thus ATP production (this could be done by measuring fluorescence of JC-1 marker or rhodamine marker)?

2\) All three reviewers commented on the underwhelming scholarship regarding the writing of the manuscript, the composition and explanation of the figures, and the interpretation of some results. The paper suffers from a lack of detail about the experimental procedures and discussion about the data, and overall poor writing with many typographical errors, poor sentence construction and obscure expressions. A lot of careful rewriting and editing needs to be done with the express goal of making the manuscript more readable and understandable. The following points must be carefully addressed in the revised manuscript:

2.1) [Figure 1](#fig1){ref-type="fig"}. Panel C --the point of this table needs to be clearer as all mutation types are 2-5 fold less than expected. Further, it looks like exon 6 truncations occur 10x less often than all mutations, not 5x more as stated (p4, para 2). Panel F -- SLCA is not there and MM seems to follow the same trend as the other cancer types. Thus, the text in subsection \'TP53 mutations occur at higher than expected frequency.\' (paragraph 5) is not accurate. Panel G -- clearly, IF indel is significantly different in the metastatic group? Not NS as stated. Some comment should be made about this group.

2.2) [Figure 2](#fig2){ref-type="fig"}. Panel B -- there are no size markers on the western blots; there are multiple protein species in cells transfected with mutants R306\* and G325\*. What are these? Is the R196\* running as a doublet? Panel D -- are these lentivirus-transduced cell lines or are they transiently transfected cells? If the latter, how were the transfected cells identified? The resolution of fluorescent images is poor, making it hard to see any morphological changes as described (subsection \'p53 exon-6 truncating mutants reprogram cells towards the acquisition of prometastatic Features\', paragraph 2). Also, the DAPI stain cannot be seen properly in the R196\*and R213\* merges. Why is this? These images need to be improved or replaced. Why were A549 cells used rather than the H1299 p53 null cells? The null background avoids the confounder of p53 and its isoforms. Panel E -- if the cells in D were transiently transfected, at which times were they assayed for EMT transcripts and were they always elevated? Panel F -- it is hard to follow with the NS being on all box and whisper plots. Displaying this needs to be thought about more carefully. Also, again, why was the experiment not done in H1299 cells? Panel H -- this does not measure metastasis; it measures colonization. The conclusions need to be altered. At what times were the mice harvested? Probably very soon after inoculation as B16 cells migrate rapidly to the lungs without any extra stimulus -- more experimental details are required.

2.3) [Figure 3](#fig3){ref-type="fig"}. Panel A -- Looking at the same data in the TCGA, whilst it is technically true that the transcript levels are similar for truncating compared to no mutation, the numbers of truncating mutations are very low (e.g. \~10 for sarcoma compared \>100 with no mutation). This could be due to chance alone. This should be clarified or this panel should be deleted. Panel F -- resolution is poor. Panel I -- please define what Ren g 208 and p53g.140 is in the legend. Please provide evidence of knockdown.

2.4) [Figure 4](#fig4){ref-type="fig"}. This was generally hard to follow. More information in the text and/or the legend is needed. Panel F -- please state clearly the p53 status of the Hop62 cell line. Panel G -- why are the results with the 196\* mutant not shown? Please explain what CsA does. Paragraph 4 in subsection \'p53 exon-6 mutations partially localize to the mitochondria where by interacting with Cyclophilin D control the mitochondria inner-pore permeability\' about the W146\* mutant is for the discussion, not the results, and it is poorly written. Please re-write for greater clarity.

2.5) [Figure 5](#fig5){ref-type="fig"}. Panel C -- poor resolution. Panel F -- please provide evidence that the DD-Cas9 actually worked. The right hand panel shows that KD of p53 increases tumor growth -- this seems to be the opposite of what is stated in the text (subsection \'Cyclophilin D activity is required for phenotypes associated with p53 exon-6 truncating mutations\', although the result is to be expected).

2.6) Discussion. The discussion needs to be written properly. The opening paragraph seems to be referring to the role of TP53 isoforms -- \'multiplicity of alleles\'. If so, the relevant references are wrong.

2.7) References. These are poorly done; authorship is seriously abbreviated and there are several errors.

10.7554/eLife.17929.068

Author response

\[...\]

*Essential points:*

*1) Reviewers agreed that a main conclusion in the manuscript is not fully supported by the data and that additional work is required to prove this point. The authors claim that p53 mutants lacking the DNA binding domain regulate mitochondrial membrane permeability (through MPTP activity) in a CypD-dependent manner. The data show that mutant p53 R213\* binds to CypD but it is unclear whether this interaction occurs in the mitochondria or in the cytoplasm (if in the cytoplasm, it would imply that mutant p53 inhibits localization of CypD to the mitochondria which would explain its reduced mitochondrial localization in H1299 cells overexpressing R213\* or R196\*). Furthermore, it is unclear whether overexpression of CypD abolishes MPTP closure promoted by depletion of mutant p53R213\*. Therefore, the mechanistic and epistatic relationship between p53 truncated mutants and CypD must be explored in greater detail. Specific questions that must be answered experimentally are:*

*1.1) Is casein fluorescence (which indicates MPTP closure) dependent on CypD in the cell lines with truncated p53 (HoP62, DMS114, Calu-6 and SW684)?*

As shown in [Figure 4---figure supplement 4A](#fig4s4){ref-type="fig"}, knockdown of CypD by shRNA in Hop62, SW684, DMS114 and Calu-6 results in an increase in the percentage of calcein positive cells which, in turn, suggests the closure of the MPTP upon decreased expression of CypD. However, this difference was not observed in cells expressing p53 wild-type (A549).

*1.2) Does knock-down of endogenous mutant p53 in cell lines expressing R213\* or R196\* change mitochondrial localization of CypD (HoP62, DMS114, Calu-6 and SW684 cell lines)?*

Western blot analysis of total and mitochondria cell extracts indicated that knockdown of endogenous p53 in Hop62, DMS114, SW684 and Calu-6 cell lines did not affect the overall levels of CypD nor its mitochondrial localization. See [Figure 4---figure supplement 6](#fig4s6){ref-type="fig"}.

*1.3) Does knock-down of CypD change mitochondrial localization of endogenous mutant p53 in HoP62, DMS114, Calu-6 and SW684?*

Also in this case, we did not observe any difference in the levels of expression nor in the mitochondrial localization of p53 upon knockdown of CypD with two independent shRNAs. See [Figure 4---figure supplement 7](#fig4s7){ref-type="fig"}.

*1.4) Does depletion of endogenous mutant p53 R213\* or R196\* in HoP62, DMS114, Calu-6 and SW684 change mitochondrial polarization and thus ATP production (this could be done by measuring fluorescence of JC-1 marker or rhodamine marker)?*

As suggested by the reviewers, we utilized the JC-1 assay to evaluate changes in mitochondrial polarization upon p53 and CypD knockdown in A549, Hop62, DMS114, Calu-6 and SW684 cells. We found that reducing the expression of p53 or CypD in cell lines expressing p53-psi or p53 exon-6 truncations resulted in an increase in J aggregates. See [Figure 4H](#fig4){ref-type="fig"} and [Figure 4---figure supplement 4B](#fig4s4){ref-type="fig"}.

Although changes in the mitochondrial polarization can impact ATP production, several other metabolic pathways can affect net ATP production in cells. By only measuring ATP levels and without conducting a detailed analysis of metabolic flow in cells that supersedes the intended purpose of this work, it will be difficult to determine whether p53-psi and p53-psi like mutations affect the ATP production via deregulation of mitochondrial membrane potential.

*2) All three reviewers commented on the underwhelming scholarship regarding the writing of the manuscript, the composition and explanation of the figures, and the interpretation of some results. The paper suffers from a lack of detail about the experimental procedures and discussion about the data, and overall poor writing with many typographical errors, poor sentence construction and obscure expressions. A lot of careful rewriting and editing needs to be done with the express goal of making the manuscript more readable and understandable. The following points must be carefully addressed in the revised manuscript:*

We apologize for this. We are surprised as the manuscript was edited by an external editing company (NPG-editing). Based on these comments, we have carefully reexamined the original manuscript, included additional details about the experimental procedures and expanded upon our discussion of the results.

*2.1) [Figure 1](#fig1){ref-type="fig"}. Panel C -- the point of this table needs to be clearer as all mutation types are 2-5 fold less than expected. Further, it looks like exon 6 truncations occur 10x less often than all mutations, not 5x more as stated (p4, para 2). Panel F -- SLCA is not there and MM seems to follow the same trend as the other cancer types. Thus, the text in subsection \'TP53 mutations occur at higher than expected frequency.\' (paragraph 5) is not accurate. Panel G -- clearly, IF indel is significantly different in the metastatic group? Not NS as stated. Some comment should be made about this group.*

-- Panel C. The table compares the theoretical (e.g., expected frequency) of mutations with the frequencies of mutations we observed (e.g., observed frequency) in the TCGA and MSKCC datasets. In the case of missense mutations, we estimated an expected frequency of 0.34. In both the TCGA and the MSKCC cohorts, the observed frequency was 0.64 and 0.52, respectively. Therefore, we calculated the frequency of missense mutations observed in tumors was 1.5 and 1.9 fold higher than the expected frequencies in the TCGA and in the MSKCC datasets respectively. As for nonsense mutations, the expected frequency was 0.054 while the observed frequency was 0.084 in the TCGA data set and 0.076 in the MSKCC data set. This was not the case for exon-6 nonsense mutations. In fact, we found that while the expected frequency was 0.0098, the observed frequency was 0.05 in the TCGA cohort and 0.04 in the MSKCC cohort.

Altogether these data indicate that the exon-6 nonsense mutations, differently from missense or other non-sense mutations are 4-5 fold more frequent than expected ([Figure 1D-E](#fig1){ref-type="fig"}).

-- Panel F. Small cell lung carcinoma was indicated as LUSCC in the [Figure 1F](#fig1){ref-type="fig"} and [Supplementary file 1](#SD1-data){ref-type="supplementary-material"}. As indicated in [Supplementary file 1](#SD1-data){ref-type="supplementary-material"}, \'MM\' stands for multiple myeloma. In this tumor type, the frequency of mutation of *TP53* and exon-6 mutations are rare. We are not sure about the comment of the reviewer as multiple myeloma was not refer to in the text.

-- Panel G. While the ratio between IF-indel is higher in the metastatic group, the low number of samples with primary tumors (n= 3 primary and n= 10 metastatic tumor site) rendered this finding statistically insignificant, as indicated.

*2.2) [Figure 2](#fig2){ref-type="fig"}. Panel B -- there are no size markers on the western blots; there are multiple protein species in cells transfected with mutants R306\* and G325\*. What are these? Is the R196\* running as a doublet? Panel D -- are these lentivirus-transduced cell lines or are they transiently transfected cells? If the latter, how were the transfected cells identified? The resolution of fluorescent images is poor, making it hard to see any morphological changes as described (subsection \'p53 exon-6 truncating mutants reprogram cells towards the acquisition of prometastatic Features\', paragraph 2). Also, the DAPI stain cannot be seen properly in the R196\*and R213\* merges. Why is this? These images need to be improved or replaced. Why were A549 cells used rather than the H1299 p53 null cells? The null background avoids the confounder of p53 and its isoforms. Panel E -- if the cells in D were transiently transfected, at which times were they assayed for EMT transcripts and were they always elevated? Panel F -- it is hard to follow with the NS being on all box and whisper plots. Displaying this needs to be thought about more carefully. Also, again, why was the experiment not done in H1299 cells? Panel H -- this does not measure metastasis; it measures colonization. The conclusions need to be altered. At what times were the mice harvested? probably very soon after inoculation as B16 cells migrate rapidly to the lungs without any extra stimulus -- more experimental details are required.*

*--* Panel B.Molecular weight markers have been added onto all of the western blots. We are not clear on the nature of the additional bands observed, and believe they are most likely the result of proteolysis. Interestingly, western blot analysis in B16 cells did not show these extra-bands. Further studies will be required to better understand the nature and a possible functional role of these additional p53 species.

*--* Panel D. The cell lines were generated using a lentiviral ectopic expression system described in the materials and methods section. We have now replaced the original image and provided a better resolution with particular attention to DAPI levels.

The reason why we used A549 cells to illustrate differences in the morphology of cells upon ectopic expression of p53 mutants was mainly based on the fact that A549 cells form a nice columnar epithelial monolayer when they reach confluence. This facilitates the analysis of the distribution of cortical actin, stress fibers and E-cadherin. Nevertheless, as shown in in [Figure 2---figure supplement 3](#fig2s3){ref-type="fig"}, also in the H1299 cells we observed that ectopic expression of R196\* and R213\* induced an increase in the expression of mesenchymal markers (p-value \*\<0.05, unpaired t-test).

*--* Panel E. The cells were generated using a constitutive lentiviral system. We assayed the cells for expression of mesenchymal markers 96 hours after seeding. We did not observe much difference across experiments.

*--* Panel F. As per the reviewers' suggestions, we changed the whisker plots and we have extended our analysis also to a p53 null cell line (B16-F1). See [Figure 2F](#fig2){ref-type="fig"}, [Figure 2---figure supplement 1B and 1C](#fig2s1){ref-type="fig"}.

*--* Panel H. Although in the literature this model is referred to as metastatic assay (Overwijk and Restifo, 2001) we agree with the reviewers that this assay more accurately reflects colonization potential and not metastatic spread. Therefore, we integrated the suggested changes in the text. Experimental details have been added in the Materials and Methods section.

*2.3) [Figure 3](#fig3){ref-type="fig"}. Panel A -- Looking at the same data in the TCGA, whilst it is technically true that the transcript levels are similar for truncating compared to no mutation, the numbers of truncating mutations are very low (e.g. \~10 for sarcoma compared \>100 with no mutation). This could be due to chance alone. This should be clarified or this panel should be deleted. Panel F -- resolution is poor. Panel I -- please define what Ren g 208 and p53g.140 is in the legend. Please provide evidence of knockdown.*

*--* Panel A. To confirm that these observations were not due to chance alone and to strengthen our point, we have added a summary table and performed a Student's t-test with FDR of 5%. As shown in the table below, the p-values confirm the statistical significance of our observations.

Tumor typeNo mutationTruncating mutationp-valuePancreas (TCGA)45300.0001684Sarcoma (TCGA)204633.18365E-06Lung Squamous (TCGA)36420.001551394Head & Neck (TCGA)77711.2E-14

*--* Panel F. We have substituted the panel for a picture with improved resolution as shown in [Figure 3F](#fig3){ref-type="fig"}.

-- Panel I. We have added additional information describing Ren g.208 and p53 g.140 in the figure legend, and we have provided the sequence of the guide RNAs used in this study in [Supplementary file 5](#SD5-data){ref-type="supplementary-material"}. We validated the inactivation of p53 by immunoblot ([Figure 3---figure supplement 7B](#fig3s7){ref-type="fig"}) and by immunohistochemistry ([Figure 3---figure supplement 7C](#fig3s7){ref-type="fig"}).

*2.4) [Figure 4](#fig4){ref-type="fig"}. This was generally hard to follow. More information in the text and/or the legend is needed. Panel F -- please state clearly the p53 status of the Hop62 cell line. Panel G -- why are the results with the 196\* mutant not shown? Please explain what CsA does. Paragraph 4 in subsection \'p53 exon-6 mutations partially localize to the mitochondria where by interacting with Cyclophilin D control the mitochondria inner-pore permeability\' about the W146\* mutant is for the discussion, not the results, and it is poorly written. Please re-write for greater clarity.*

We have substantially amended this section, adding the p53 status of Hop62 cells, results for R196\* and information regarding CsA. We have also moved the second paragraph to the Discussion section as suggested.

*2.5) [Figure 5](#fig5){ref-type="fig"}. Panel C -- poor resolution. Panel F -- please provide evidence that the DD-Cas9 actually worked. The right hand panel shows that KD of p53 increases tumor growth -- this seems to be the opposite of what is stated in the text (subsection \'Cyclophilin D activity is required for phenotypes associated with p53 exon-6 truncating mutations\', although the result is to be expected).*

*--* Panel C. We have improved the resolution of panel C and [Figure 5C](#fig5){ref-type="fig"}.

*--* Panel F. We provided evidence of CypD inactivation in [Figure 5---figure supplement 2A](#fig5s2){ref-type="fig"} (immunoblot) and [Figure 5---figure supplement 2B](#fig5s2){ref-type="fig"} (immunohistochemistry).

We are not sure about the comment of the reviewer regarding the effect of knockdown on tumor growth. As shown in the chart in [Figure 5F](#fig5){ref-type="fig"}, CypD knockdown in Calu-6 (R196\*) reduced tumor volume as expected. The panel on the right shows changes in tumor volume in p53-WT (A549) cells. Interestingly, in this case we observed increased tumor growth. The latter does not modify the conclusion of our study indicating that cells harboring p53 exon-6 truncation are \'addicted\' to CypD, but could have clinical/therapeutic implications as it argues the need of stratifying patients for p53 mutations when considering treatments based on CypD inhibition.

*2.6) Discussion. The discussion needs to be written properly. The opening paragraph seems to be referring to the role of TP53 isoforms -- \'multiplicity of alleles\'. If so, the relevant references are wrong.*

As previously indicated, we have revised the discussion and updated references. In the discussion we refer \'multiplicity of alleles\' to different p53 mutant species conferring pro-tumorigenic properties.
